ABSTRACT An experiment was conducted to reevaluate the nonphytate P (NPP) requirement of laying hens with and without phytase. The experiment involved 12 treatments in a 6 × 2 factorial design. The hens of the control group (T 1 ) were fed a sequence of 0.40-0.35-0.30% NPP during 30 to 42, 42 to 54, and 54 to 66 wk, respectively. The NPP was reduced in increments of 0.05% in T 2 to T 6 . The hens of T 7 to T 12 were fed NPP regimens similar to T 1 to T 6 but with 300 units phytase/kg diet. Two digestion trials were conducted during 42 and 66 wk, and nitrogen, phytate, and total P retention were determined. In the absence of phytase, production traits were not different for hens fed a NPP regimen of 0.25-0.20-0.15% than for the unsupplemented phytase control group for the entire experiment (P > 0.05). However, production traits were inferior for hens fed the lower NPP regimens (P < 0.05). In the presence of phytase, production
INTRODUCTION
Although the P requirement of laying hens has been the subject of numerous investigations in the past, the requirement for this nutrient has not been established. The nonphytate P (NPP) requirement of laying hens has been reduced from 350 to 250 mg/hen per d in recent years (NRC 1984 vs. NRC 1994 . In fact, the results of many short-and long-term experiments indicate that the NPP requirement of laying hens may be even lower than the recent NRC (1994) recommendation (Scheideler and Sell, 1986; Keshavarz 1986a Keshavarz , 1998a Keshavarz and Nakajima 1993; Gordon and Roland, 1997; Van der Klis et al., 1996; Parsons, 1999) . Because of the high cost of P sources and public concern surrounding the contribution of excreta P to environmental pollution, fine-tuning the 748 traits were not different for hens fed the lowest NPP regimen (0.15-0.10-0.10%) than for the unsupplemented phytase control for the entire experiment (P > 0.05). The overall effect of NPP regimens and phytase on specific gravity for the entire experiment was significant. Specific gravity was greater for hens fed the regimens with less NPP than for hens fed regimens with greater NPP, and phytase had an adverse effect on specific gravity. However, specific gravity of hens fed the lowest NPP regimen with phytase was not significantly different from the unsupplemented phytase control group. The overall effect of phytase on phytate P retention was significant during digestion trials; phytase increased phytate P retention by about 15%. Daily total P excretion was 34 to 47% less for hens fed the lowest NPP regimen with phytase than for the unsupplemented phytase control group. Significant interactions existed for a number of traits and are discussed in the text. P requirement of laying hens warrants further investigation.
The P content of a typical corn-soy diet is poorly utilized by laying hens, and approximately 70 to 80% of the total P intake is excreted (Keshavarz 1986b (Keshavarz , 1998b . This poor utilization is not unexpected because approximately two-thirds of the total P of feedstuffs with plant origin is in the form of phytate P (Common, 1940; Nelson et al., 1968; Reddy et al., 1982) . Because of the low amounts of phytase in the digestive system of monogastric animals, the use of phytate P by these animals is negligible. Some feed ingredients have very small quantities of phytase, but the contribution of this phytase to the utilization of phytate P of feed ingredients is, thus, inconsequential. Formation of complexes of phytic acid with divalent cations and amino acids not only reduces the availability of P but also reduces the digestibility and availability of amino acids and cations to monogastric animals, including poultry. The early works of Nelson et al. (1968) clearly indicate that the availability of phytate P to chickens can be increased considerably by the use of microbial phytase in the diet. However, the high cost of production has been a prohibitive factor for commercial use of microbial phytase until recent years. With commercial availability of microbial phytase and public concern surrounding P pollution, investigations on the use of microbial phytase in the diets of broilers (Biehl et al., 1995; Mitchell and Edwards, 1996a,b) , turkeys (Yi et al., 1996) , and laying hens has been renewed in recent years.
Van der Klis et al. (1996) , from the results of two longterm experiments with laying hens, concluded that 0.12% NPP was not adequate to satisfactorily maintain egg production performance. However, addition of 0.06% P from monocalcium phosphate or addition of 200 units phytase/kg diet overcame all the signs of P deficiency. Roland (1997, 1998) concluded that 0.1% NPP was not adequate to support egg production performance. However, addition of 300 units phytase/kg diet was effective to alleviate all the deficiency signs attributed to feeding 0.1% NPP. Punna and Roland (1999) reported that supplemental phytase at 300 units/kg diet was effective to overcome all the adverse effects of 0.1% NPP on performance during the growing and the laying periods. Carlos and Edwards (1998) reported that the use of 600 units phytase/kg of a low-P layer diet (0.33% total P) significantly improved body weight, plasma dialyzable P, tibia ash, and phytate P retention. Phytase had beneficial effect on egg production and specific gravity in one experiment but not in a second one. Van der Klis et al. (1997) and Parsons (1999) reported that all the signs of P-deficient diets were alleviated in the presence of 100 units phytase/kg diet in long-term experiments. Additionally, in the absence of phytase, a diet with 0.15% NPP was sufficient to support optimum performance as compared with hens fed a 0.45% NPP diet (Parsons, 1999) . Recently, Um and Paik (1999) reported that egg production performance of hens fed diets containing 0.37, 0.24, and 0.12% NPP plus 500 units phytase/kg diet were greater or equal to that of the control group that was fed a diet containing 0.37% NPP without phytase. Egg specific gravity and shell thickness (but not shell strength and broken eggs) were consistently lower for the phytase-fed group than for the control.
The above information indicates that the NPP requirement of laying hens may be lower than the NRC (1994) suggested requirement of 250 mg/hen per d, and this requirement can be reduced considerably further in the presence of phytase in the diet. Nevertheless, NPP, which is normally used by the industry in the presence of phytase and even during the late stages of egg production when presumably the P requirement may be somewhat lower (Mikaelian and Sell, 1981; Said and Sullivan, 1985; Scheideler and Sell, 1986; Keshavarz and Nakajima, 1993) , is considerably greater than the recent reports and NRC (1994) recommendation. The use of the step-down P regi-3 BASF Corp., Mt. Olive, NJ 07828-1234. men with aging is a common practice by the layer industry. Yet, all the reports regarding the phytase in layer diets involved constant levels of P during the experiments. Additionally, in contrast to the recommendation of the manufacturer, 3 most of the reports regarding the use of phytase in the layer diets did not involve Ca correction. The release of Ca by phytase may result in widening Ca:NPP ratio, which adversely affects shell quality. Consequently, more information that can be provided about the NPP requirement of laying hens with and without phytase under conditions simulating commercial practices should be useful in convincing industry workers to properly reduce the P content of the layer diets, which currently is wasteful.
The objectives of the experiment were 1) to reevaluate the NPP requirement of the laying hens by utilizing a step-down NPP regimen approach with aging as is often used in commercial practice, 2) to determine to what extent the NPP requirement can be reduced in the presence of phytase in the diet, and 3) to determine whether the use of phytase without Ca correction would produce any adverse effect on shell quality.
MATERIALS AND METHODS
Twelve hundred, 30-wk-old pullets (Babcock B300) were used in this experiment. The birds were housed in an environmentally controlled, three-tier, high-rise cage system. The birds were housed in groups of five birds per cage (38.1 wide × 50.8 cm deep). The birds of four adjacent cages were considered an experimental replicate. Each dietary treatment was fed to five replicates (100 birds/treatment) from 30 to 66 wk of age. Based on 2 wk pre-experimental egg production, 3 d pre-experimental egg weight, and BW at the start of the experiment, treatment means for these traits were not different at the start of the experiment (P > 0.05). The period of experiment was divided into three phases of 12 wk each (Phase 1, 30 to 42 wk of age; Phase 2, 42 to 54 wk of age, and Phase 3, 54 to 66 wk of age). The experiment consisted of a 6 × 2 factorial arrangement of the treatments of six dietary NPP regimens and two levels of supplemental phytase. The birds of the control group (T 1 ) were fed a sequence of 0.4, 0.35, and 0.3% NPP for Phase 1, Phase 2, and Phase 3, respectively. The NPP was reduced by an increment of 0.05% in each phase in T 2 to T 6 (Table 1) . The only exception was T 6 in which the birds were fed a diet with 0.1% NPP during Phases 2 and 3 of the experiment. The birds of T 7 to T 12 were fed diets similar to those fed T 1 to T 6 plus 300 units phytase/kg diet. The diets were formulated based on the tables of feed composition of NRC (1994) . The composition of the positive control (T 1 ) is shown in Table 2 . Other dietary treatments (T 2 to T 6 ) were formulated by reducing the monodicalcium phosphate and adjusting the limestone to maintain an identical Ca level in all the treatments (3.8%). Builder sand was used to increase the weight of the diets to 100%. An appropriate level of phytase premix (Natuphos 600 3 ) was added to the diets in T 7 to T 12 , considering that the premix contained at least 600 units phytase/g according to the manufacturer claim. The diets were isocaloric and isonitrogenous and, with the exception of NPP level and presence or absence of phytase, contained similar levels of all other nutrients to fulfill or exceed the NRC (1994) requirements.
Daily egg production and weekly feed consumption records were kept during the experiment and were summarized every 4 wk. Egg weight and specific gravity were determined on all eggs produced during a 3 d at the end of every 4-wk period. Shell weight, percentage shell, and shell weight per unit surface area (SWUSA) were deter- mined on a random sample of 10 eggs per replicate after measurement of specific gravity and only at 42, 54, and 66 wk of age. Mortality records were kept during the experiment.
Two digestion trials were conducted during the experiment for determination of nitrogen and phytate and total P retention. The first trial was during the last week of Phase 1 (42 wk of age), and the second was during the last week of Phase 3 (66 wk of age). The duration of each digestion trial was 7 d. At the start of each digestion trial, two hens from every replicate that, through palpation, had a hard shell in the uterus, were selected and housed in one cage. Excreta were collected quantitatively during each digestion trial for determination of nitrogen (only in the first digestion trial) and phytate and total P. To diminish the likelihood of degradation of phytate P by microorganisms and loss of nitrogen by evaporation, excreta were collected twice, on Days 3 and 7, during each digestion trial. A record of feed consumption was also kept during each digestion trial. At the end of each digestion trial, one bird from each replicate was randomly selected and killed by CO 2 asphyxiation, and the left tibia was saved for measurement of tibia weight and tibia ash.
Salt solutions varying in specific gravity from 1.058 to 1.110, in increments of 0.004 units, were used for measurement of specific gravity. Shell weight with membranes intact was determined after breaking the eggs and cleaning the shell of adhering albumen and drying the shell in an oven at 100 C for 2 h. Percentage shell was determined by dividing the dried shell weight over egg weight. Shell weight per unit surface area (SWUSA) was determined by dividing the dried shell weight by surface area of each egg. The surface area of each egg was determined according to the approach of Ousterhout (1980) . Tibia ash was determined on a moisture-free, fat-free basis after cleaning the tibia of adhering tissues and ashing the tibiae at 600 C overnight. Phytate P of feed and fecal samples was determined according to the Association of Official Analytical Chemists (1990) . Total P of feed and fecal samples was determined according to the method of Harris and Popat (1954) . Nitrogen content of feed and fecal samples was determined by the Kjeldahl procedure.
The data were analyzed by two-way analysis of variance (SAS Institute, 1988) , and means were compared by Duncan's multiple-range test (1955) only when a significant probability value (P < 0.05) was detected.
RESULTS

Body Weight
Body weight was not different among various treatments at the start of the experiment (30 wk of age; P > 0.05). At 42 wk of age, the main effect of NPP levels on BW was not significant (Table 3 ). However, the main effect of phytase on BW was significant (P < 0.05) due to consistently greater BW with all NPP levels in the presence of phytase than in the absence of phytase in the diet. At 54 wk of age, the main effects of NPP levels and phytase on BW were significant (P < 0.05). In the absence of phytase, BW was consistently reduced because of decreasing the NPP levels, although BW was significantly less only for hens that were fed the least NPP than for those fed the most NPP. In the presence of phytase, the effect of NPP on BW was less consistent, although BW was significantly less for hens fed the least NPP than for the corresponding control group. Similar to that at 42 wk of age, BW with all NPP levels was consistently greater in the presence of phytase in the diet than in the absence, because of which, the main effect for phytase on BW was significant. It is worth noting that BW of hens fed the least NPP in the presence of phytase were not significantly different from those fed the highest level of NPP in the absence of phytase in the diet. The effects of NPP levels with or without phytase on BW at 66 wk of age were very similar to their effect on BW at 54 wk of age. In the absence of phytase, BW was significantly lower for the two groups that were receiving the least (0.1%) NPP during this phase of the experiment compared with the corresponding control group. In the presence of phytase, BW was significantly lower only for the group fed the lowest NPP regimen (0.15-0.10-0.10%), which in this phase of the experiment was receiving 0.1% NPP, compared with the corresponding control. Similar to the previous periods (42 and 54 wk of age), phytase consistency improved BW with all the NPP regimens and, thus, the main effect of phytase on BW was significant. A significantly lower BW of hens fed the two lowest NPP regimens as compared with the phytase-unsupplemented control group (0.2-0.15-0.1% and 0.15-0.1-0.1% NPP vs. 0.4-0.35-0.3% NPP) was completely alleviated by supplemental phytase at 66 wk of age. Body weight gains for the entire experiment (30 to 66 wk of age), with or without phytase, were significantly less for hens fed the two lowest NPP regimens than for their corresponding control groups. Supplemental phytase, with one exception, improved BW gain of all hens fed NPP regimens. However, the effect of phytase in increasing the BW gain was significant only with four NPP levels of six used, because of which a significant interaction existed between NPP and phytase for BW gain. It is worth noting that the BW gain of hens fed the two lowest NPP regimens in the presence of phytase were not significantly different than the nonphytase-supplemented control group. Based on BW at 66 wk of age and BW gain data for the entire experiment in the absence of phytase, a dietary NPP sequence of 0.25-0.2-0.15% for the ages of 30 to 42, 42 to 54, and 54 to 66 wk, respectively, was sufficient to satisfactorily maintain the BW. The mean NPP intake for this dietary regimen was 250, 205, and 146 mg/hen per d for Phases 1 to 3, respectively, and 200 mg/hen per day for the entire experiment. However, in the presence of phytase, the minimum NPP sequence used (0.15-0.1-0.1%) was sufficient to satisfactorily maintain BW. The mean NPP intakes for this dietary regimen were 147, 102, and 103 mg/hen per d for Phases 1 to 3, respectively, and 117 mg/hen per d for the entire experiment. Although the diets were sufficient in all nutrients (NRC 1994), regardless of the dietary NPP regimens used (and even with the control NPP regimen), the presence of phytase in the diet had some beneficial effect on BW.
Egg Production
During Phase 1, only the main effect of phytase on egg production approached a significant level (P = 0.0525; Table 4 ), which was due to the beneficial effect of phytase in increasing egg production slightly in four NPP levels of six used during this phase of the experiment. During Phase 2 (42 to 54 wk of age), the main effects of NPP levels, phytase, and their interaction for egg production were significant. In the absence of phytase, egg production was significantly lower only for hens fed the least NPP (0.1%) compared with the nonphytase-supplemented control. In the presence of phytase, egg production of hens fed different NPP levels was not significantly different from the corresponding control group. The adverse effect of the lowest NPP level on egg production was completely alleviated by phytase. The interaction of NPP levels with phytase for egg production was due to a significant effect of phytase increasing egg production with the lowest NPP level but not with other NPP levels. Similar to Phase 2, the main effects of NPP level, phytase, and their interaction for egg production were significant during Phase 3 (54 to 66 wk of age) of the experiment. Without phytase, egg production was significantly less for hens fed the two lowest NPP levels (0.15% and 0.1%) compared with the corresponding control for this phase of the experiment (0.3%). A significantly lower egg production of hens fed a sequence of 0.15-0.1-0.1% NPP as compared with hens fed a sequence of 0.2-0.15-0.1% NPP for this phase of the experiment was due to consumption of a diet with 0.1% NPP for a longer period by the hens on the former dietary regimen. In the presence of phytase, reduction of dietary NPP to the lowest level (0.1%) did not have an adverse effect on egg production compared with the corresponding control group. The adverse effects of the two lowest NPP levels (0.1 and 0.15%) on egg production were alleviated in the presence of phytase. The interaction of NPP levels with phytase was due to the beneficial effect of phytase improving egg production for the three lowest (P < 0.05) levels of NPP but not for the two highest levels of NPP (P > 0.05) used during this phase of the experiment. Similar to Phases 2 and 3, the main effects of NPP levels, phytase, and their interaction for egg production were significant for the entire experiment (30 to 66 wk of age). In the absence of phytase, egg production was significantly lower for hens fed the two lowest NPP regimens than for the corresponding control group. In the presence of phytase, egg production was not affected even with the lowest NPP regimen used as compared with the corresponding control group. The adverse effect of the two lowest NPP regimens on egg production for the entire experiment was alleviated in the presence of phytase. A significant interaction between NPP regimens with phytase for egg production was due to the beneficial effect of phytase improving egg production for the two lowest NPP regimens and also for hens Means under each heading (Phases 2, 3, and average) with no common superscript differ significantly (P < 0.05).
1 Each nonphytate phosphorus sequence was used for 30 to 42, 42 to 54, and 54 to 66 wk of age, respectively. fed a sequence of 0.3-0.25-0.2% NPP (P < 0.05) but not for the other NPP regimens (P > 0.05). Based on egg production for the entire experiment, in the absence of phytase, a sequence of 0.25-0.2-0.15% NPP was sufficient to support egg production. Similar to the BW data, the mean NPP intakes for this dietary regimen were 250, 205, and 146 mg/hen per d for Phases 1 to 3, respectively, and 200 mg/hen per d for the entire experiment. In the presence of phytase, the minimum NPP regimen used (0.15-0.1-0.1) was adequate to support egg production. The mean NPP intakes for this dietary regimen were 147, 102, and 103 mg/hen per d for Phases 1 to 3, respectively, and 117 mg/hen per d for the entire experiment.
Egg Weight
Egg weight was not influenced by dietary regimens during Phases 1 and 2 of the experiment (Table 5 ). During Phase 3 (54 to 66 wk of age), the main effect of phytase on egg weight was significant due to a consistently greater egg weight with every NPP level in the presence of phytase in the diet than in its absence. This trend also existed during Phases 1 and 2, but the main effect of phytase on egg weight for these phases of the experiment was not significant. For the entire experiment, egg weight was consistently greater for all NPP levels in the presence of phytase in the diet than in its absence; however, the main effect of phytase on egg weight was not significant (P = 0.0788). The egg weight data indicated that the lowest NPP regimen (0.15-0.1-0.1%), even in the absence of supplemental phytase, was sufficient to support normal egg weight. The mean NPP intake on this dietary regimen for the entire experiment was 111 mg/hen per d in the absence of phytase and 117 mg/hen per d in the presence of phytase.
Egg Mass
Egg mass was not influenced by NPP levels or phytase during Phase 1 (Table 6) . During Phase 2, the main effects of NPP levels, phytase, and their interaction with egg mass were significant. In the absence of phytase, egg mass was significantly lower for hens fed the two lowest NPP levels (0.15 and 0.1%) than for the corresponding control group (0.35% NPP). In the presence of phytase, egg mass was not different for hens fed different NPP levels. Supplemental phytase alleviated the adverse effects of the two lowest NPP levels on egg mass. The presence of an interaction between NPP and phytase for egg mass was due to the beneficial effect of phytase in increasing egg mass with the lowest (P < 0.05) NPP level but not with the other NPP levels (P > 0.05). Similar to Phase 2, the main effect of NPP levels, phytase, and their interaction for egg mass were significant during Phase 3 of the experiment. Egg mass was significantly lower for hens fed the two lowest NPP levels (0.1% and 0.15%) than for the corresponding control group (0.3% NPP). A significantly lower egg mass of hens fed the NPP regimen of 0.15-0.1-0.1% as compared with 0.2-0.15-0.1% during this phase of the experiment was due to consumption of a low-NPP diet (0.1%) for a longer period by hens on the former dietary regimen. In the presence of phytase, egg mass was not significantly different for hens fed different NPP levels than for the corresponding control group. The adverse effect of the two lowest levels of NPP on egg mass were alleviated in the presence of supplemental phytase. It is worth noting that phytase almost doubled the egg mass output of hens fed the lowest NPP level (0.1%) during Phase 3 of the experiment. A significant interaction between NPP levels and phytase during this phase of the experiment was due to the beneficial effect of phytase increasing egg mass with the three lowest levels of NPP (0.2, 0.15, and 0.1%; P < 0.05) but not with the two highest levels of NPP (P > 0.05). Similar to Phases 2 and 3, the main effects of NPP levels, phytase, and their interaction for egg mass were significant for the entire experiment (30 to 66 wk of age). In the absence of phytase, egg mass was significantly less for hens fed the two lowest NPP regimens than for the corresponding control group (P < 0.05). In the presence of phytase, egg mass was not significantly different for hens fed different NPP levels compared with the corresponding control group. Supplemental phytase alleviated the adverse effect of the two lowest NPP regimens on egg mass. The interaction between NPP levels and phytase for egg mass was due to the effect of phytase increasing egg mass only with three of six NPP regimens used during the entire experiment (P < 0.05). 
Feed Consumption
Feed consumption was not influenced by NPP levels or phytase during Phases 1 and 2 (Table 7) . However, during Phase 3, the main effect of phytase on feed consumption was significant. This effect was due to a consistently higher feed consumption with all NPP levels used in the presence of phytase in the diet than to its absence. The individual means indicated that, in the absence of phytase, feed consumption was significantly less for hens fed the least NPP (0.1%) than for the corresponding control group, and this adverse effect was alleviated by phytase. For the entire experiment (30 to 66 wk of age), feed consumption was not influenced by NPP levels or phytase, although it was lower for hens fed the lowest NPP regimen (0.15-0.1-0.1%), and phytase alleviated this lower feed consumption. The data indicated that, in the absence of phytase, a sequence of 0.25-0.2-0.15% NPP, which was sufficient to support other production traits, was also adequate for satisfactory feed consumption during the experiment. The mean NPP intake on this dietary regimen was 200 mg/hen per d for the entire experiment. However, in the presence of phytase, the lowest NPP regimen used was adequate for satisfactory feed consumption. The mean NPP intake on this dietary regimen for the entire experiment was 117 mg/hen per d.
Feed Conversion
Feed conversion was not influenced by NPP levels or phytase during phase 1 (Table 8) . During Phase 2, the main effect of NPP levels, phytase, and their interaction on feed conversion were significant. In the absence of phytase, feed conversion was significantly impaired only at the lowest level of NPP, and phytase alleviated this adverse effect. The main effect of phytase on feed conversion was significant due to its favorable effect in improving feed conversion with all NPP levels used, except the maximum level. The interaction between NPP levels and phytase on feed conversion was due to a significant effect of phytase improving feed conversion only with the lowest (P < 0.05) NPP levels but not with the other levels (P > 0.05). Similar to Phase 2, the main effects of NPP levels, phytase, and their interaction for feed conversion were significant during Phase 3. In the absence of phytase, feed conversion was significantly impaired with the lowest two groups, which consumed a diet with 0.1% NPP during this phase of the experiment. Although hens on these two lowest NPP regimens consumed a similar NPP level (0.1%) during this phase of the experiment, the inferior feed conversion on NPP sequence of 0.15-0.1-0.1% as compared with 0.2-0.15-0.1% was due to consumption of a diet with 0.1% NPP for a longer period by the hens on the former dietary regimen. The adverse effect of this NPP level on feed conversion was alleviated in the presence of phytase. Similar to Phase 2, phytase had a favorable effect on feed conversion with all the NPP levels except the highest level, and, therefore, the main effect of phytase on feed conversion was significant. The interaction between NPP and phytase for feed conversion was due to a significant effect of phytase in improving feed conversion with the lowest (0.1%; P < 0.05) NPP level but not with the other NPP levels (P > 0.05). Similar to Phases 2 and 3, the main effect of NPP levels, phytase, and their interaction for feed conversion were significant for the entire experiment. In the absence of phytase, feed conversion was significantly impaired with the two lowest NPP regimens, and supplemental phytase alleviated these adverse effects. A significantly higher feed conversion ratio for hens on 0.15-0.1-0.1% vs. 0.2-0.15-0.1% NPP was due to consumption of a 0.1% NPP diet for a longer period by the former group. Similar to Phases 2 and 3, the main effect of phytase on feed conversion was significant due to its favorable effect on this trait with all the NPP regimens, except the maximum level. The interaction between NPP regimens and phytase for feed conversion for the entire experiment was due to a significant effect of phytase improving feed conversion with the two lowest NPP regimens (P < 0.05) but not with the higher levels (P > 0.05). The feed conversion data generally indicated that in the absence of phytase, a dietary NPP regimen of 0.25-0.2-0.15% (which resulted in intakes of 250, 205, and 146 mg NPP/hen per d for Phases 1 to 3, respectively, and 200 mg/hen per d for the entire experiment) was sufficient for adequate feed conversion. In the presence of phytase, the lowest dietary NPP regimen of 0.15-0.1-0.1% (which provided NPP intakes of 147, 102, and 103 mg/hen per d for Phases 1 to 3, respectively, and 117 mg/hen/d for the entire experiment) was sufficient to satisfy the need for feed conversion.
Shell Quality
During Phase 1, the main effect of NPP on specific gravity was significant ( ). Phytase did not have an effect on specific gravity. During Phase 2, specific gravity was not influenced by either NPP levels or phytase. During Phase 3, the main effects of NPP levels, phytase, and their interaction for specific gravity were significant. In the absence of phytase, specific gravity, for the most part, increased with reduced NPP levels. The differences were significant only for hens fed the two lowest NPP regimens, which during this phase were receiving 0.1% NPP, compared with those fed the two highest levels of NPP (0.25 and 0.3%). In the presence of phytase this pattern did not occur, and the differences were not significant among specific gravity of hens fed different levels of NPP. The main effect of phytase on specific gravity was significant due to reduced specific gravity with every level of NPP, except the highest level, in the presence but not in the absence of phytase in the diet. The interaction between NPP level and phytase was due to a significant effect of phytase in reducing specific gravity with the two groups receiving the least NPP (0.1%; P < 0.05) but not with the other NPP levels (P > 0.05). The specific gravity of hens fed 0.1% NPP in the presence of phytase was not significantly different from the control groups (0.3% NPP with or without phytase). For the entire experiment, the main effects of NPP levels and phytase for specific gravity were significant. In the absence of phytase, specific gravity was consistently greater for hens fed the three lowest NPP regimens but not the three highest regimens; however, the differences were significant only among hens fed the lowest and the three highest NPP regimens. In the presence of phytase, specific gravity was not significantly different for hens fed different NPP regimens than for the corresponding control group. The main effect of phytase on specific gravity for the entire experiment was significant due to reduced specific gravity with four of six NPP regimens in the presence of phytase in the diet. However, similar to Phase 3, the specific gravity of hens fed the lowest NPP regimen in the presence of phytase was not significantly different from the control groups. This information suggested that supplemental phytase only prevents the expression of the beneficial effect of the lower levels of NPP on specific gravity. Furthermore, in the absence of phytase, although the best specific gravity was obtained with the lowest NPP regimen of 0.15-0.1-0.1% (which provided hens with an NPP intake of 147, 97, and 89 mg/hen per d, for Phases 1 to 3, respectively, and 111 mg/hen per d for the entire experiment), the use of such a low NPP regimen could not have practical application because of its adverse effect on other production traits. The data indicated that in the absence of phytase, a diet with an NPP regimen of 0.25-0.20-0.15%, which was sufficient to support other production traits, was also adequate for supporting specific gravity. In the presence of phytase, the minimum level of NPP used was adequate for production of eggs with specific gravity values similar to those produced by hens fed the highest NPP regimen.
Shell weight was not influenced by dietary regimens in any phase or for the entire experiment (data not shown). However, the main effect of NPP levels and phytase on percentage shell was significant during Phase 1 of the experiment (Table 10 ). In the absence of phytase, percentage shell was significantly greater only for hens fed the least NPP (0.15%) compared with those fed 0.35% NPP. In the presence of phytase, percentage shell was not significantly different for hens fed different NPP levels. With every NPP level, percentage shell was consistently lower in the presence of phytase than in its absence, and due to this result, the main effect of phytase on percentage shell was significant. Similar to specific gravity, the percentage shell of hens fed the lowest NPP level in the presence of phytase was not significantly different from the control groups. During Phases 2 and 3 and for the entire experiment, percentage shell was not influenced by the dietary regimens. Similar to percentage shell, the main effect of phytase on SWUSA was significant only during Phase 1 of the experiment (Table 11) , with lower SWUSA values for five of six dietary NPP treatments with than without phytase in the diet.
Tibia Weight and Tibia Ash
Tibia weight and tibia ash at the end of Phase 1 and tibia weight at the end of Phase 3 were not influenced by dietary NPP levels or phytase (Table 12 ). However, tibia ash was significantly influenced by NPP levels and phytase (P < 0.05) at the end of Phase 3 (66 wk of age). In the absence of phytase, tibia ash was uncharacteristically lower only for hens fed a NPP regimen of 0.2-0.15-0.1% than the corresponding control (P < 0.05). In the presence of phytase, tibia ash was not different for hens fed different NPP regimens (P > 0.05). Also, the main effect of phytase on tibia ash was significant due to its favorable effect in increasing the tibia ash with all the NPP regimens, except at the highest level.
Nitrogen, Phytate P, and Total P Retention
Nitrogen retention was determined only during the first digestion trial (42 wk of age) but was not influenced Means under tibia ash at 66 wk of age with no common superscript differ significantly (P < 0.05). by NPP levels or phytase (data not shown). The main effect data indicated nitrogen retention values of 59.1 and 60.4% in the absence and presence of phytase in the diet, respectively. Supplemental phytase had a significant effect on phytate P retention, and the interaction of NPP levels and phytase on phytate P retention approached a significant level during Phase 1 of the experiment (P = 0.0505, Table 13 ). With every level of NPP (except the lowest level at 0.15%), phytase consistently increased phytate P retention, although the effect of phytase was significant only with 0.3 and 0.2% NPP levels. The data indicated that phytase increased phytate P retention by about 15% (33.0 b vs. 47.8 a ) in this phase of the experiment. The individual mean data also indicated that in the presence or absence of phytase, phytate P retention was not significantly different for hens fed different NPP levels than for the corresponding control groups. The only exception was a lower phytate P retention (P < 0.05) for hens fed 0.3% NPP than for the control group in the absence of phytase in the diet. Because of reasons that are not clear, in the absence of phytase, the phytate P retention was considerably greater for hens fed 0.15% than for those fed 0.2% NPP level. The retention of total P in Phase 1 slightly increased because of supplemental phytase with most NPP levels used; the data indicated that total P retention was not increased by supplemental phytase (28.8 vs. 31.7%, P = 0.1018). Similar to Phase 1, the effect of phytase in increasing phytate P retention was significant during Phase 3 of the experiment. Phytase increased phytate P retention with every NPP level used during this phase of the experiment, although the effect of phytase in increasing phytate P retention was significant only with the lowest three groups that were receiving 0.1 and 0.15% NPP during this phase of the experiment (P < 0.05). Overall, phytase increased phytate P retention by about 15% (40 b vs. 55.4 a ), a value similar to that observed during the first digestion trial. The effect of phytase in retention of total P was inconsistent and varied with NPP levels during Phase 3 of the experiment. However, overall, phytase did not increase the retention of total P (28.7 vs. 33; P = 0.0773), values similar to those observed during Phase 1 of the experiment.
Mortality
The overall effect of dietary treatments on mortality for the entire experiment was not significant (data not shown).
DISCUSSION
This experiment was conducted to reevaluate the NPP requirement of laying hens on a phase feeding program and to determine to what extent this requirement could be reduced in the presence of phytase. Production performance of hens fed a NPP sequence of 0.25-0.20-0.15% for ages 30 to 42, 42 to 54, and 54 to 66 wk was not significantly different from the control group that was fed NPP at 0.4-0.35-0.30% during the same age periods. The mean daily NPP intake on the NPP sequence of 0.25-0.2-0.15% was 200 mg/hen per d for the entire experiment, whereas the corresponding value for hens on the control NPP regimen was 352 mg/hen per d. Gordon and Roland (1997) did not observe an adverse effect on production when hens were fed a diet with 0.2% NPP. Parsons (1999) reported that production of hens fed a diet with 0.15% NPP (159 mg/hen per d) was as satisfactory as the control group (0.45% NPP). Similarly, other investigators have reported that egg production can be satisfactorily maintained by using diets with NPP levels lower than the NRC (1994) suggested requirement (Keshavarz, 1987; Van der Klis et al., 1996; Keshavarz, 1998a,b; Coon and Leske, 1999) . This information indicates that the NRC (1994) recommendation of 250 mg/hen per d NPP for laying hens may have been overestimated and that the potential exists for refining this requirement. Body weight and BW gain, egg production, egg mass, and feed conversion for the entire experiment were reduced when hens were fed a NPP regimen of 0.20-0.15-0.10% or 0.15-0.10-0.10% for ages 30 to 42, 42 to 54, and 54 to 66 wk, respectively. However, these adverse effects were completely alleviated in the presence of 300 units phytase/kg diet. The mean daily NPP intake on the minimal NPP sequence of 0.15-0.1-0.1% plus phytase for the entire experiment was only 117 mg/hen per d as compared with a corresponding value of 352 mg/hen per d for hens on the control NPP regimen. These results are consistent with other reports that indicated the adverse effect of 0.10 to 0.13% NPP on egg production can be completely alleviated in the presence of microbial phytase in the diet (Van der Klis et al., 1966 Klis et al., , 1977 Edwards, 1996, 1998; Gordon and Roland, 1997; Coon and Leske, 1999; Parsons, 1999; Punna and Roland, 1999) . Phytase generally had a favorable effect on egg weight in the current experiment. Van der Klis et al. (1997) observed a beneficial effect from phytase on egg weight in one experiment but not in another. Also, the adverse effect of feeding a low-NPP diet on egg weight was completely alleviated in the experiment of Punna and Roland (1999) . Feed consumption was significantly lower for hens fed 0.1% NPP during Phase 3 in the current experiment, and phytase alleviated this adverse effect. Gordon and Roland (1997) and Van der Klis et al. (1997) also observed a significant reduction in feed intake due to a low-NPP diet, which was alleviated in the presence of supplemental phytase.
The published reports regarding the effect of reducing dietary P on shell quality are inconsistent. Several investigators reported a beneficial effect on shell quality due to reducing the P content of the diet (Taylor, 1965; Hunt and Chancey, 1970; Hamilton and Sibbald, 1977) , whereas others did not observe a beneficial effect (Keshavarz, 1986a; Keshavarz and Nakajima, 1993; Mikaelian and Sell, 1981) . In the current experiment, the effect of NPP levels on specific gravity during Phases 1 and 3, and for the entire experiment, was significant; specific gravity generally was greater with the lower NPP levels but not with the higher levels. Additionally, the effect of NPP levels on percentage shell was significant but not for SWUSA (P = 0.0653) during Phase 1 of the experiment; these traits were higher with lower levels of NPP than with higher levels.
Inconsistencies exist in the literature regarding the effect of phytase on shell quality. The reports vary from a beneficial effect (Gordon and Roland, 1997; Carlos and Edwards, 1998; Punna and Roland, 1999) , to no effect (Van der Klis et al., 1997; Coon and Leske, 1999; Parsons 1999) , to an adverse effect (Um and Paik, 1999 ). In the current experiment, the main effect of phytase on specific gravity during Phases 1 and 3 and for the entire experiment was significant; specific gravity was lower in the presence than in the absence of phytase in the diet. Similarly, the effect of phytase on percentage shell and SWUSA was significant during Phase 1 of the experiment; these traits were lower in the presence than in the absence of phytase in the diet. The observations of the adverse effect of phytase on certain indices of shell quality observed in the current experiment are worth further investigation. However, in the current experiment, at no time were various indices of shell quality of hens that were fed the minimum NPP regimens (0.15-0.1-0.1%) in the presence of phytase significantly different from that of the control groups, which were fed an NPP regimen of 0.40-0.35-0.30% with or without phytase.
Phosphorus levels or phytase did not have an effect on tibia weight at the end of Phase 1 (42 wk of age) or Phase 3 (66 wk of age) of the current experiment. However, the main effect of NPP levels and phytase on tibia ash were significant at 66 wk of age; tibia ash was reduced because of reduced NPP levels and was increased because of supplemental phytase. Other investigators have also reported improvement in various indices of bone quality when phytase was added to diets containing low-NPP levels (Gordon and Roland, 1997; Van der Klis et al., 1997; Carlos and Edwards, 1998; Punna and Roland, 1999) .
Supplemental phytase was effective in increasing phytate P retention significantly (about 15%) in Phases 1 and 3 in the current experiment. These results are consistent with several other reports (Van der Klis et al., 1997; Carlos and Edwards, 1998; Coon and Leske, 1999) . This information indicates that phytase is effective in increasing the availability of phytate P to laying hens. The extent of increased availability reported by various investigators is varied, probably because of differences in the conditions of the experiments, the level of phytase used, and the methods used for determination of phytate P availability (ileal digestibility or retention).
The data from the current experiment indicate that phytase did not increase total P retention. The reasons for this nonimprovement are not clear. Although Carlos and Edwards (1998) did not observe a significant improvement in total P retention in two experiments, similar to our results, they did detect significant improvement in phytate P retention caused by supplemental phytase. Also, Simons and Versteegh (1992) concluded that the measurement of P content in excreta of laying hens is not a suitable approach for assessing the P availability of the Means under each heading (total P excretion, 42 and 66 wk of age) with no common superscript differ significantly (P < 0.05).
1 Each nonphytate phosphorus sequence was used for 30 to 42, 42 to 54, and 54 to 66 wk of age, respectively.
2
The total phosphorus content of the air-dried excreta of hens fed diets with nonphytate phosphorus levels of 0.4, 0.35, 0.3, 0.25, 0.2, and 0.15% (Diets 1 to 6) and these diets plus phytase (Diets 7 to 12) were 2.1, 2.09, 1.81, 1.78, 1.47, 1.3, 2.04, 2.04, 1.78, 1.69, 1.6, and 1.27%, respectively, during digestion Trial 1 (42 wk of age).
3
The total phosphorus content of the air-dried excreta of hens fed diets with nonphytate phosphorus levels of 0.3, 0.25, 0.2, 0.15, 0.1, and 0.1% (Diets 1 to 6) and these diets plus phytase (Diets 7 to 12) were 1.75, 1.53, 1.54, 1.13, 0.95, 0.94, 1.7, 1.54, 1.28, 1.21, 1.12, and 0.93%, respectively, during digestion Trial 3 (66 wk of age).
4
Natuphos from BASF Corp. (Mt. Olive, NJ 07828-1234) was used to supply 300 units microbial phytase/kg diet. diet, because a significant part of the absorbed P ultimately ends up in the excreta via urine excretion. On the other hand, Coon and Leske (1999) reported that total P retention was increased significantly by approximately 12% for corn and 14% for soybean meal because of use of 300 units phytase/kg diet when these ingredients were used individually in their digestion trials. Also, the ileal digestibility studies of Van der Klis et al. (1997) found increases in total P absorption of 28 to 30% in one experiment, and 22 to 28% with 24-wk-old hens, and 18 to 40% with 26-wk-old hens in a second experiment.
The information of Table 14 was generated using average daily feed consumption and total P content of the diets during Phases 1 and 3 and the percentage total P excretion during these digestion trials. As the data indicate, in the presence of phytase, hens on a NPP regimen of 0.15-0.10-0.10% were excreting daily total P of 34% (478 vs. 314 mg/hen per d) and 47% (391 vs. 208 mg/hen per d) that were less than that of the unsupplemented phytase control group (0.4-0.35-0.30% NPP) for Phases 1 and 3, respectively. However, egg productions were not significantly different from each other for the entire experiment. These results indicate that a great deal of potential exists for diminishing environmental pollution attributed to P excretion by using microbial phytase in layer diets without compromising production performance.
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